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Self-standing  NiCo2S4  nanotube  arrays  have  been  in  situ  grown  on  Ni  foam  by  the  anion-exchange  reaction 
and  directly  used  as  the  electrode  for  supercapacitors.  The  NiCo2S4  nanotube  in  the  arrays  effectively 
reduces  the  inactive  material  and  increases  the  electroactive  surface  area  because  of  the  ultrathin  wall, 
which  is  quite  competent  to  achieve  high  utilization  efficiency  at  high  electroactive  materials  mass 
loading.  The  NiCo2S4  nanotube  arrays  hybrid  electrode  exhibits  an  ultrahigh  specific  capacitance  of 
14.39  F  cm-2  at  5  mA  cm-2  with  excellent  rate  performance  (67.7%  retention  for  current  increases  30 
times)  and  cycling  stability  (92%  retention  after  5000  cycles)  at  a  high  mass  loading  of  6  mg  cm-2.  High 
areal  capacitance  (4.68  F  cm-2  at  10  mA  cm-2),  high  energy  density  (31.5  Wh  kg-1  at  156.6  W  kg-1)  and 
high  power  density  (2348.5  W  kg-1  at  16.6  Wh  kg-1)  can  be  achieved  by  assembling  asymmetric 
supercapacitor  with  reduced  graphene  oxide  at  a  total  active  material  mass  loading  as  high  as  49.5  mg. 
This  work  demonstrates  that  NiCo2S4  nanotube  arrays  structure  is  a  superior  electroactive  material  for 
high-performance  supercapacitors  even  at  a  mass  loading  of  potential  application-specific  scale. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitors  have  drawn  intensive  research  attention  as  ideal 
energy  storage  devices  for  applications  such  as  electric  vehicles  and 
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digital  communications  in  view  of  their  significant  advantages  of 
fast  charging  and  discharging,  long  lifespan  and  high  power  density 
[1—3].  Generally,  the  performance  of  supercapacitors  is  mainly 
determined  by  properties  of  the  electrode  materials,  so  there  is  an 
extensive  research  on  various  electroactive  materials  so  as  to 
improve  the  performance  of  supercapacitors.  Up  to  now,  numerous 
electrode  materials,  including  carbon-based  materials  [4,5], 
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transition  metal  compounds  [6-9  ,  and  conducting  polymers  [10], 
have  been  well  explored.  Unfortunately,  the  poor  performance  of  the 
electrode  materials,  such  as  the  low  specific  capacitance  in  carbon 
based  materials,  the  low  conductivity  in  transition  metal  oxides,  the 
high  cost  of  Ru02,  and  the  poor  cycling  stability  in  conducting 
polymers,  these  respective  fatal  disadvantage  impedes  their  prac¬ 
tical  applications.  Therefore,  it  is  desirable  to  seek  other  novel  and 
efficient  electrode  materials  so  as  to  further  improve  the  perfor¬ 
mance  of  supercapacitors. 

Recently,  ternary  nickel  cobalt  sulphide,  NiCo2S4,  have  been 
demonstrated  to  be  a  promising  electrode  material  for  super¬ 
capacitors.  It  is  reported  that  NiCo2S4  possesses  richer  redox  re¬ 
actions  than  the  corresponding  binary  nickel  sulphide  (NiS)  and 
cobalt  sulphide  (CogSg),  and  exhibits  a  major  advantage  over 
NiCo204  in  terms  of  higher  conductivity  [11].  However,  only 
NiCo2S4  powder  has  been  synthesized  by  a  hydrothermal  method 
[11-13].  The  traditional  slurry-derived  electrode  used  for  electro¬ 
chemical  evaluation  seriously  limits  the  capacitive  performance  of 
the  electroactive  NiCo2S4  because  of  the  increased  “dead  surface” 
[14].  Therefore,  it  is  necessary  to  grow  the  NiCo2S4  directly  on 
conductive  substrate  to  facilitate  the  efficient  utilization  of  NiCo2S4 
for  energy  storage. 

To  increase  the  utilization  efficiency  of  the  electroactive, 
numerous  nanostructures,  such  as  various  nanowire  arrays  [15-17] 
and  nanosheets  arrays  [14,18,19],  have  been  directly  grown  on 
conductive  substrate  to  form  an  integrated  electrode  for  electro¬ 
chemical  evaluation.  In  despite  of  the  promising  performance,  the 
electroactive  material  in  these  arrays  structures  is  too  low  (less  than 
2  mg  cm-2)  to  meet  their  practical  applications.  The  utilization  ef¬ 
ficiency  of  the  electroactive  material  usually  decreases  as  the  mass 
loading  increasing.  In  the  case  of  nano  wire  arrays,  for  example,  there 
is  an  accompanied  growth  in  the  nanowire  diameters  and  lengths 
when  increase  the  electroactive  materials  to  high  mass  loading  per 
area  [20,21  ].  Due  to  the  limited  diffusion  distance  of  electrolyte  ions, 
the  electroactive  materials  in  the  inner  nanowires  will  not  be 
involved  in  the  redox  reaction  and  thus  become  “dead”  or  “inactive”. 
So  increasing  the  utilization  efficiency  of  electroactive  material  at 
high  mass  loading  is  still  a  challenge.  Nanotube  structure  can 
effectively  reduce  the  inner  inactive  material  and  increase  the 
electroactive  surface  area.  Meanwhile,  nanotube  structure  provides 
electrolyte  ions  penetrate  into  the  electrode  material  from  the  inner 
nanotube  surface,  which  will  greatly  increase  the  total  diffusion 
distance.  Therefore,  by  way  of  the  nanotube  arrays  structure  in  situ 
grew  on  conductive  Ni  foam  substrate  to  obtain  a  high  mass  loading 
may  realize  outstanding  utilization  efficiency. 

Based  on  the  above  considerations,  we  develop  a  facile  method 
using  the  anion-exchange  reaction  to  grow  NiCo2S4  nanotube  ar¬ 
rays  on  Ni  foam.  This  is  the  first  trial  to  extend  the  anion-exchange 
reaction  to  grow  nanotube  arrays  structure.  After  the  electro¬ 
chemical  evaluation  of  the  hybrid  structure,  the  hybrid  electrode 
can  maintain  ultrahigh  specific  capacitance  even  at  a  high  mass 
loading  of  6  mg  cm-2  and  achieve  ultrahigh  areal  capacitance.  Our 
work  presents  the  first  example  of  the  increase  of  a  single  elec¬ 
troactive  material  to  high  mass  loading  while  maintaining  the  su¬ 
perior  specific  capacitance,  which  is  vital  to  achieve  the  potential 
practical  applications  of  electroactive  materials. 

2.  Experimental 

2.1.  Preparation  of  NiCo2(C03)i5(OH)3  nanowire  arrays 

All  the  reagents  used  in  the  experiment  were  of  analytical  grade 
and  used  without  further  purification.  Prior  to  the  synthesis,  Ni 
foam  (2  cm  x  4  cm  in  rectangular  shape)  was  first  treated  by 
acetone  to  clean  the  surface.  Then,  the  Ni  foam  was  immersed  into  a 


3  M  HC1  solution  for  15  min  to  remove  the  surface  oxide  layer. 
Finally,  the  Ni  foam  was  washed  thoroughly  with  deionized  water 
and  absolute  ethanol.  The  NiCo2(C03)i.5(OH)3  nanowire  arrays 
supported  on  the  Ni  foam  was  prepared  by  a  simple  hydrothermal 
method.  In  a  typical  procedure,  8  mmol  of  CoCl2  •  6H20,  4  mmol  of 
NiCl2  •  6H20  and  12  mmol  of  urea  were  dissolved  in  60  ml  deionized 
water  to  form  a  clear  pink  solution.  The  solution  was  transferred 
into  an  80  ml  Teflon-lined  stainless  steel  autoclave.  A  piece  of  the 
pre-treated  Ni  foam  was  put  into  the  autoclave.  The  autoclave  was 
sealed  and  kept  in  an  oven  at  120  °C  for  6  h.  After  cooling  down  to 
the  room  temperature,  the  NiCo2(C03)i.5(OH)3  nano  wire  arrays 
supported  on  Ni  foam  was  obtained  and  washed  with  deionized 
water  and  ethanol. 

2.2.  Preparation  ofNiCo2S4  nanotube  arrays 

The  NiCo2S4  nanotube  arrays  were  prepared  by  hydrothermal 
treating  the  as-obtained  NiCo2(C03)i.5(OH)3  nanowire  arrays  with 
sodium  sulphide  (Na2S)  under  hydrothermal  environment.  Briefly, 
the  Na2S-9H20  was  first  dissolved  in  60  ml  deionized  water  in  an 
80  ml  Teflon  container,  followed  by  addition  of  the  NiC- 
o2(C03)i.5(OH)3  nanowire  arrays  supported  on  Ni  foam.  Then  the 
autoclave  was  heated  to  160  °C  for  6  h.  After  cooling  down  to  room 
temperature,  the  NiCo2S4  nanotube  arrays  on  Ni  foam  was  obtained 
and  washed  with  deionized  water  and  ethanol,  then  the  sample 
was  dried  at  60  °C  for  24  h. 

2.3.  Preparation  of  MC02O4  nanowire  arrays 

The  NiCo204  nanowire  arrays  supported  on  Ni  foam  used  in  the 
comparative  experiment  were  synthesized  by  annealing  the  as- 
obtained  NiCo2(C03)i.5(OH)3  nanowire  arrays  on  Ni  foam  in  air 
atmosphere  at  400  °C  for  3  h. 

2.4.  Preparation  of  RGO  nanosheets 

Briefly,  graphene  oxide  (GO)  nanosheets  were  firstly  prepared 
by  chemical  exfoliation  of  natural  graphite  powders  according  to 
the  well-established  Hummers  method,  the  detailed  experiment 
process  can  be  found  elsewhere  [22,23].  After  repeated  washing 
with  water  by  centrifugation  for  several  times,  the  GO  was 
dispersed  in  water  by  ultrasonication.  Then  the  suspension  was 
diluted  with  a  concentration  of  —2  mg  ml-1  for  the  following 
experiment.  The  reduced  graphene  oxide  (RGO)  nanosheets  were 
prepared  by  hydrothermal  reduction  of  the  GO  nanosheets.  Typi¬ 
cally,  60  ml  of  the  GO  aqueous  dispersion  containing  about  120  mg 
of  GO  in  an  80  ml  Teflon-lined  stainless  steel  autoclave  was  heated 
in  an  oven  at  180  °C  and  kept  at  this  temperature  for  6  h.  After 
cooling  down  to  room  temperature,  the  RGO  sample  was  washed 
by  vacuum  filtration  and  collected  by  freeze-drying. 

2.5.  Materials  characterization 

The  products  were  characterized  by  X-ray  diffraction  (XRD, 
Philips  X’Pert  Pro;  Cu  Ka,  X  =  0.1542  nm),  scanning  electron  mi¬ 
croscopy  (SEM,  FEI  Quanta  200  and  Sirion  200),  high-resolution 
transmission  electron  microscopy  (HRTEM,  JEOL  JEM-2100F)  and 
the  X-ray  fluorescence  probe  (XRF,  EDAX  Inc.  Eagle  III). 

2.6.  Electrochemical  measurements 

In  half-cell  tests,  the  electrochemical  tests  were  conducted  in  a 
three-electrode  glass  cell  with  6  M  KOH  as  the  aqueous  electrolyte. 
Platinum  foil  and  Hg/HgO  electrodes  were  used  as  counter  and 
reference  electrodes,  respectively.  The  Ni  foam  supported  NiCo2S4 
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nanotube  arrays  or  NiCo204  nanowire  arrays  is  cut  into  1  cm  x  1  cm 
in  quadrate  shape  and  serves  directly  as  the  working  electrode.  To 
reduce  the  volume  of  the  electrode,  the  NiC02S4-Ni  foam  is  sand¬ 
wiched  between  two  pieces  of  Ni  foam  and  pressed  at  3  MPa.  The 
mass  ofNiCo2S4  active  material  in  every  electrode  ( ~  1  cm2  in  area) 
is  -  6  mg.  The  electrodes  were  first  activated  by  several  CV  cycles 
until  the  CV  curves  remained  stable.  In  full  cell  tests,  the  asym¬ 
metric  supercapacitor  cell  was  assembled  to  measure  the  device 
performances.  The  electrochemical  measurements  were  performed 
using  a  stainless  steel  two-electrode  cell  (Hefei  Kejing  Mater. 
Technol.  CO.,  LTD).  The  Ni  foam  supported  NiCo2S4  nanotube  arrays 
is  directly  used  as  the  positive  electrode  and  the  hydrothermal 
reductive  RGO  nanosheets  serve  as  the  negative  electrode.  The 
negative  electrode  was  prepared  by  the  traditional  slurry  coating 
method.  Briefly,  active  material,  acetylene  black  and  poly(tetra- 
fluoroethylene)  were  first  mixed  in  a  mass  ratio  of  80:10:10  to 
obtain  a  slurry.  Due  to  the  large  amount  of  RGO  in  the  negative 
electrode,  the  slurry  was  drop-dried  into  five  pieces  of  Ni  foam 
(1  cm  x  1  cm)  at  80  °C,  then  those  five  Ni  foam  were  overlapped 
and  pressed  together  at  a  pressure  of  about  10  MPa.  The  two 
asymmetric  supercapacitor  cells  used  to  drive  the  LEDs  and  motor 
were  assembled  using  CR  2025-type  coin  cells. 

All  of  the  electrochemical  measurements  were  performed  by  a 
CHI  660D  electrochemical  workstation.  The  area  specific  capaci¬ 
tance  of  the  hybrid  electrode  was  calculated  from  the  GCD  curves 
by  the  equation:  C  =  JAt/(SAV),  where  C  is  the  specific  capacitance 
of  the  electrode  (F  cm-2),  /  is  the  discharging  current  (A),  At  is  the 
discharging  time  (s),  S  is  the  area  of  the  electrode  (cm2)  and  AV  is 
the  discharging  potential  range  (V). 

The  mass  loading  for  the  negative  electrode  was  determined  by 
balancing  the  charges  stored  in  each  electrode.  Generally,  the 
charges  stored  by  positive  and  negative  electrode  can  be  deter¬ 
mined  by  q+  =  C+  x  AF  x  S  and  =  C_  x  AF  x  m,  where  C+,  C_ 
represent  the  specific  capacitance  of  positive  electrode  (F  cm-2) 
and  negative  electrode  (F  g-1),  respectively;  AF  is  the  potential 
range  (V),  S  is  the  area  of  the  positive  electrode  (cm2);  m  is  the 
weight  of  the  active  material  in  negative  electrode  (g).  The  charges 
are  balanced  by  the  equation  of  q+  =  where  q+  and  q  represent 
the  charges  stored  in  the  positive  and  negative  electrode, 
respectively. 

3.  Results  and  discussion 

3.1.  Synthesis  and  characterization  of  the  NiC02S4  nanotube  arrays 

The  NiCo2S4  nanotube  arrays  on  Ni  foam  were  synthesized  via  a 
two-step  process,  as  illustrated  in  Scheme  1  in  Fig.  1.  Typically,  the 
NiCo2(C03)i.5(OH)3  nanowire  arrays  supported  on  Ni  foam  were 
firstly  in  situ  grew  on  Ni  foam  by  hydrothermal  treating  Ni2+  and 
Co2+  in  the  presence  of  urea  (step  I  in  Scheme  1,  Fig.  1 ).  For  the  next 
step,  the  as-fabricated  NiCo2(C03)i.s(OH)3  nanowire  arrays  on  Ni 
foam  are  hydrothermally  converted  to  the  NiC02S4  nanotube  arrays 
counterpart  by  reacting  with  sodium  sulphide  (Na3S)  (step  II  in 
Scheme  1,  Fig.  1).  In  this  process,  the  well-known  anion-exchange 
reaction  mechanism,  which  has  been  used  to  grow  various  hollow 
nanoparticles  and  nanotubes  [24,25  ,  can  best  explain  the  conver¬ 
sion  of  the  NiCo2(C03)i.5(OH)3  nanowires  into  NiC02S4  nanotubes 
while  completely  maintaining  the  array  structure  on  Ni  foam 
(Scheme  2,  Fig.  1).  First,  S2-  anions  in  the  solution  exchange  with 
CO2-  and  OH-  anions  of  NiCo2(C03)i.5(OH)3  to  form  NiC02S4  at  the 
surface  of  the  nanowires.  The  CO2-  and  OH  anions  can  react  with 
hydrogen  cations  in  the  solution  to  produce  CO2  and  H20.  In  the 
next  step,  the  spontaneously  outward  diffusion  of  the  inner  NiC- 
02(C03)i.5(OH)3  to  the  external  surface  of  the  nanowires  provides  a 
source  of  NiCo2(C03)i.5(OH)3  for  further  anion  exchange  and  the 


(I)  In-situ  growth 

(II)  Anion-exchange  reaction 


Scheme  2 


NiCo2(C03)  L5(OH)3  Composite  structure  NiCo2S4  nanotube 
nanowire 


Fig.  1.  Scheme  1.  Schematic  illustrating  the  formation  process  of  the  NiCo2S4  nanotube 
arrays  on  Ni  foam.  Scheme  2.  Schematic  illustration  of  the  formation  of  NiCo2S4 
nanotube  through  the  anion-exchange  reaction  of  the  NiCo2(C03)i.5(OH)3  nanowires 
with  S2-. 

growth  of  the  NiC02S4.  Meanwhile,  inward  ion  diffusion  is  limited 
for  the  anion  exchange  reaction,  which  has  been  proved  by  the 
Alivisatos  research  group  25].  The  continuous  outward  diffusion  of 
internal  NiCo2(C03)i.s(OH)3  results  in  the  generation  of  void  space 
inside  the  starting  ID  nanowires.  When  the  NiCo2(C03)i.5(OH)3 
component  has  been  completely  converted  into  NiC02S4,  the 
starting  1 D  nanowires  become  hollow  nanotubes.  Strikingly,  due  to 
the  utilization  of  nanowire  arrays  as  the  precursor,  this  is  the  first 
attempt  to  extend  the  anion-exchange  reaction  to  grow  nanotube 
arrays  structure. 

Fig.  2a  shows  the  representative  low-magnification  SEM  image 
of  the  NiC02S4  on  Ni  foam.  Obviously,  the  NiC02S4  is  uniform 
covered  on  the  Ni  foam  while  completely  maintaining  the  3D  grid 
structure  of  the  pristine  Ni  foam.  By  a  closer  examination  of  the 
sample  in  Fig.  2b-d,  it  is  found  that  numerous  slim  nanowires 
vertically  aligned  on  the  Ni  foam  to  form  a  homogeneously  nano¬ 
wire  arrays.  Obviously,  the  NiC02S4  nanowire  arrays  completely 
maintain  the  arrays  structure  of  NiCo2(C03)i.s(OH)3  precursor 
(Fig.  SI).  The  detailed  morphology  and  hollow  structure  can  be 
confirmed  by  HRTEM,  as  shown  in  Fig.  3.  Apparently,  the  NiC02S4 
nanowires  are  hollow  internally  (Fig.  3a  and  b),  indicating  the 
successful  preparation  of  NiC02S4  nanotube  arrays  on  Ni  foam.  By  a 
closer  examination  of  the  nanotube  wall  in  Fig.  3c  and  d,  it  is  found 
that  the  NiC02S4  is  porous  with  numerous  pores  located  at  the 
nanotube.  These  pores  serve  as  the  outward  diffusion  pathway  for 
the  NiCo2(C03)i.5(OH)3  in  the  anion-exchange  reaction.  The 
NiC02S4  nanotube  shows  a  very  rough  surface  (Fig.  3e  and  f)  and  a 
very  thin  wall  (Fig.  3g),  which  is  very  effective  to  increase  the 
electroactive  sites.  The  thickness  of  the  nanotube  wall  is  about 
15  nm,  as  shown  in  Fig.  3g.  The  selected-area  electron  diffraction 
(SAED)  pattern  in  the  inset  of  Fig.  3f  demonstrates  polycrystalline 
nature  of  the  NiC02S4  nanotube,  which  is  composed  by  domains  of 
nanocrystallites  (Fig.  3h).  The  lattice  fringes  in  Fig.  3i  can  be 
assigned  to  the  (311)  crystal  plane,  indicating  the  successful  for¬ 
mation  of  crystalline  NiCo2S4. 

The  as-synthesized  sample  was  further  confirmed  by  the  XRD 
and  XRF  measurements.  Fig.  4a  shows  the  XRD  pattern  of  the  as- 
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Fig.  2.  (a-d)  SEM  images  of  the  NiCo2S4  nanotube  arrays  on  Ni  foam. 


synthesized  sample.  Except  for  the  diffraction  peaks  from  Ni  foam, 
all  the  other  diffraction  peaks  can  be  assigned  to  the  cubic  type 
NiC02S4  (JCPDS  Card  no.  43-1477),  indicating  successful  formation 
of  the  NiC02S4  phase.  The  existence  of  S  element  in  the  sample  can 
be  further  verified  by  XRF  measurement  (Fig.  4b),  which  signifies 
the  successful  conversion  of  the  precursor  into  the  sulphide 
counterpart.  To  avoid  the  XRF  signal  from  the  Ni  foam  substrate,  the 
NiC02S4  nanotubes  were  scraped  from  Ni  foam  for  XRF  test.  The 
element  ratio  of  Ni,  Co  and  S  is  1:1.997:3.657,  matching  well  with 
the  formula  of  NiC02S4. 

3.2.  Electrochemical  performances  of  the  NiCo2S4  nanotube  arrays 
hybrid  electrode 

The  as-synthesized  NiC02S4  nanotube  arrays  supported  on  Ni 
foam  were  directly  applied  as  the  binder-free  and  conductive- 
agent-free  electrodes  in  a  three-electrode  configuration  with  6  M 
KOH  as  the  electrolyte.  The  mass  of  NiC02S4  nanotubes  used  in 
every  working  electrode  is  6  mg  and  the  geometric  area  of  each 
electrode  is  1  cm2.  Obviously,  the  mass  loading  of  the  NiC02S4 
nanotubes  in  the  working  electrode  is  several  times  higher  than 
various  electroactive  arrays  structure  reported  previously 
[14,15,17—19].  In  comparative  experiment,  the  NiCo204  nanowire 
arrays  on  Ni  foam  with  comparable  mass  loading  have  also  been 
prepared  by  annealing  the  same  NiCo2(C03)i.5(OH)3  nanowire  ar¬ 
rays  in  air  atmosphere  following  previous  reported  method  [15- 
17].  Meanwhile,  the  electrochemical  properties  of  Ni  foam 
without  any  electroactive  material  was  also  measured.  Fig.  5a  and  b 


shows  the  cyclic  voltammetry  (CV)  and  galvanostatic  charge- 
discharge  (GCD)  cures  at  5  mV  s-1  and  10  mA  cm-2,  respectively. 
Obviously,  the  CV  integrated  area  and  the  discharge  time  of  the 
NiC02S4  electrode  are  significantly  higher  than  those  of  NiCo204 
and  Ni  foam,  signifying  the  outstanding  performance  of  the  as- 
synthesized  NiC02S4  nanotube  arrays. 

The  electrochemical  properties  of  the  NiC02S4  nanotube  arrays 
were  evaluated  by  CV  and  GCD  measurements.  Fig.  5c  is  the 
representative  CV  curves  at  various  sweep  rates  ranging  from  1  to 
10  mV  s-1.  Obviously,  the  redox  peaks  in  each  CV  curve  demon¬ 
strate  the  pseudocapacitive  properties  of  the  NiCo2S4  nanotube 
arrays-Ni  foam  electrode.  The  distinct  redox  peaks  in  all  CV  curves 
can  be  attributed  to  the  reversible  redox  reactions  of  Ni2+/Ni3+, 
Co2+/Co3+  and  Co3+/Co4+  transitions  based  on  the  following 
equations  [26]: 

NiCo2S4  +  20TT  =  NiS4_2xOH  +  2CoSxOH  +  2e~ 

CoSxOH  +  OH“  =  CoSxO  +  H20  +  e" 

GCD  test  is  also  conducted  to  evaluate  the  potential  window  and 
the  capacitive  performance  of  the  hybrid  electrode.  Fig.  5d  and  e 
presents  the  GCD  curves  of  NiCo2S4  electrode  at  various  current 
densities  varying  from  5  to  150  mA  cm-2  with  a  potential  window 
ranging  from  0  to  0.55  V  (vs.  Hg/HgO  reference  electrode).  The 
distinct  plateau  regions  in  the  GCD  curves  can  further  demonstrate 
the  pseudocapacitive  characteristics  of  the  NiCo2S4,  which  match 
very  well  with  the  redox  peaks  in  the  CV  curves.  The  multiple 
plateaus  in  every  charge  or  discharge  process  indicate  the  multistep 
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Fig.  3.  (a-g)  TEM  images,  (h,  i)  HRTEM  images  of  the  NiCo2S4  nanotubes  scraped  from  Ni  foam.  The  inset  of  (f)  is  an  SAED  pattern  of  the  NiCo2S4  nanotube. 


redox  reactions  of  the  active  materials  because  of  the  coexistence  of 
the  Ni  ions  and  Co  ions.  The  specific  capacitance  can  be  directly 
calculated  from  the  GCD  curves  and  the  corresponding  results  are 
plotted  in  Fig.  5f.  Apparently,  at  a  comparable  mass  loading,  NiC02S4 
nanotube  arrays  deliver  a  much  higher  capacitive  performance 
than  the  NiCo204  nanowire  arrays  at  the  whole  measured  current 
density  range.  Remarkably,  the  specific  capacitance  of  the  NiC02S4 
nanotube  arrays  as  high  as  14.39  F  cm-2  at  a  current  density  of 
5  mA  cm-2,  corresponding  to  a  specific  capacitance  of  about 


2398  F  g_1,  such  high  a  pseudocapacitance  is  not  observed  for 
electroactive  NiC02S2  till  now  [11—13].  Obviously,  the  NiC02S4 
nanotube  arrays  on  Ni  foam  exhibit  much  higher  specific  capaci¬ 
tance  than  various  previous  reported  electroactive  materials  on  Ni 
foam,  such  as  NiCo204  [27,28],  Ni(OH)2  [29],  Co304  [30].  The  ul- 
trahigh  specific  capacitance  of  the  hybrid  electrode  can  be  ascribed 
to  the  specific  nanotube  arrays  structure.  Such  high  a  specific 
capacitance  at  high  mass  loading  can  push  the  areal  capacitance  to 
a  high  level.  The  NiC02S4  nanotube  arrays  deliver  a  much  higher 
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Fig.  4.  (a)  XRD  and  (b)  XRF  patterns  of  the  NiCo2S4  nanotube  arrays. 


areal  capacitance  than,  to  the  best  of  our  knowledge,  all  the  re¬ 
ported  single  electroactive  materials  at  low  or  comparable  mass 
loading  [14-19],  and  show  even  a  higher  areal  capacitance  than 
various  electroactive  materials  with  about  three  times  mass  load¬ 
ings,  such  as  C03O4  nanowire  arrays  on  Ni  foam  (11.9  F  cm-2  at 
16  mg  cm-2)  [20],  and  Ni-Al  layered  double  hydroxide  on  Ni  foam 
(14.0  F  cm-2  at  20  mg  cm-2)  [31].  The  specific  capacitance  of  the 
hybrid  electrode  can  still  remain  9.74  F  cm"2  at  a  current  density  as 


high  as  150  mA  cm-2,  corresponding  to  67.7%  of  the  capacitance 
retention  for  current  density  increase  30  times,  which  is  much 
higher  than  the  NiCo204  nanowire  array  (29.7%  of  the  capacitance 
retention  for  current  density  increase  30  times),  as  shown  in  Fig.  5f. 
The  high  capacitance  retention  demonstrates  the  fast  kinetics  of  ion 
and  electron  transport,  which  can  be  attributed  to  the  high  con¬ 
ductivity  ofNiCo2S4  and  the  ion  diffusion-favoured  nanotube  arrays 
structure.  The  cycling  stability  of  the  NiCo2S4  electrode  is  quite 


(g) 


Time  (s) 


0.2  0.3  0.4  0.5 

Potential  (V) 


Cycle  number 


Time  (s) 


Fig.  5.  (a)  CV  curves  and  (b)  GCD  curves  of  the  NiCo204  nanowire  arrays,  NiCo2S4  nanotube  arrays  and  Ni  foam  measured  at  a  scan  rate  of  5  mV  s  1  and  at  a  current  density  of 
10  mA  cm-2,  (c)  CV  curves  and  (d,  e)  GCD  curves  of  the  NiCo2S4  nanotube  arrays  on  Ni  foam  with  different  rates,  (f)  Specific  capacitance  as  a  function  of  the  current  density  of  the 
NiCo2S4  and  NiCo204  arrays  on  Ni  foam,  (g)  Cycle  performance  and  Coulombic  efficiency  for  the  NiCo2S4  nanotube  arrays  on  Ni  foam  at  a  current  of  50  mA  cm-2,  (h)  Ten  GCD  curves 
measured  after  the  5000  cycles,  (i)  Illustration  of  the  electrons  and  ions  transport  pathways  of  the  NiCo2S4  nanotube  arrays-Ni  foam  hybrid  electrode:  the  electrolyte  ions  can  diffuse 
into/out  the  inner  side  of  the  nanotube,  penetrate  into/out  of  the  NiCo2S4  tube  wall  from  the  inner  and  out  sides  of  the  nanotube;  the  electrons  can  fast  transfer  between  Ni  foam 
and  the  NiCo2S4,  and  transport  along  the  nanotube  wall  to  the  electroactive  sites. 
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stable  and  92%  of  the  specific  capacitance  can  still  be  retained  after 
5000  cycles  (Fig.  5g).  The  capacitance  retention  is  apparently  much 
higher  than  those  of  various  binary  sulphides,  such  as  NiS  and  C0S2 
[32-34].  The  hybrid  electrode  shows  a  high  electrochemical 
reversibility  with  nearly  100%  Coulombic  efficiency  can  be  main¬ 
tained  (Fig.  5g).  Fig.  5h  is  the  last  10  cycles  of  charging  and  dis¬ 
charging  at  a  current  density  of  50  mA  cnrT2,  and  the  Coulombic 
efficiency  is  about  99%  for  each  cycle  even  after  5000  cycles  cycling 
test. 

The  superior  supercapacitive  performance  of  the  NiC02S4  arrays 
on  Ni  foam  compared  to  the  NiCo204  arrays  can  be  attributed  to 
the  outstanding  capability  of  NiG)2S4  electroactive  material  and 
the  unique  nanotube  morphology.  The  merits  of  as-prepared 
NiC02S4  electroactive  material  are  as  follows:  (1)  based  on  the 
work  by  our  group  previously  [11],  the  NiCo2S4  possess  even  a 
higher  conductivity  compared  to  the  NiCo204,  so  the  NiCo2S4 
nanotube  provide  facilitate  pathway  for  the  electron  transport 
along  the  nanotube  wall,  as  illustrated  in  Fig.  5i.  As  a  result,  su¬ 
perior  high-rate  performance  can  be  achieved;  (2)  the  NiCo2S4 
electroactive  material  is  prepared  using  a  two-step  solution 
method,  avoiding  the  use  of  calcination  process  at  elevated  tem¬ 
perature.  Consequently,  some  chemical  functional  groups  or 
dangling  bonds,  such  as  -OH  and  — SH,  are  retained,  which  can 
improve  the  wettability  of  active  material  surfaces.  Therefore,  the 
electrolyte  ions  can  well  accessible  and  contact  to  the  NiCo2S4 
surface  during  the  electrochemical  process,  which  is  beneficial  for 
the  full  utilization  of  the  electroactive  sites  on  the  NiCo2S4  nano¬ 
tubes;  (3)  The  NiC02S4  can  effective  maintain  low-crystalline  due 
to  the  annealing-free  preparation  method,  resulting  in  a  high 
specific  surface  area  and  structural  disorder  [35,36],  which  is 
indispensable  for  good  supercapacitive  performance.  Based  on  the 
analysis  above,  the  as-obtained  NiCo2S4  shows  even  much  more 
merits  than  the  extensively  studied  NiCo204.  Different  from  the 
NiCo204  nanowire  arrays,  the  as-prepared  NiCo2S4  in  the  arrays 
structure  shows  nanotube  morphology.  Electroactive  material 
with  nanotube  morphology  is  better  than  nanowires  because  (1) 
nanotube  can  effectively  alleviate  the  volume  change  during  the 
ion  insertion/desertion  process,  resulting  in  an  improved  cycling 
stability;  (2)  nanotube  has  much  high  specific  surface,  which  can 
provide  more  electroactive  sites  for  electrochemical  storage.  In  our 
work,  the  as-prepared  NiCo2S4  nanotube  is  reproduced  from  the 
NiCo2(C03)i.5(OH)3  nanowire  precursor  base  on  the  anion- 
exchange  reaction,  about  twice  the  surface  area  of  the  nanowire 
can  be  achieved.  Meanwhile,  numerous  hole  on  the  nanotube 
walls  (Fig.  3c  and  d)  can  facilitate  the  electrolyte  ions  penetrate 
into  the  inside  range  of  nanotube.  In  this  way,  the  inner  surface  of 
the  NiCo2S4  can  be  utilized  for  energy  storage.  So  compared  to 
nanowire  morphology,  the  as-synthesized  NiCo2S4  nanotubes  can 
achieve  better  capability.  Besides,  even  at  a  high  mass  loading,  the 
NiC02S4  nanotube  retains  a  thin  wall  thickness  (Fig.  3g).  Based  on  a 
previous  study,  the  maximal  electrolyte  ions  diffusion  length  is 
about  20  nm  [37],  greater  than  the  thickness  of  nanotube  wall 
(~15  nm).  The  nanotube  morphology  provides  two  directions  for 
the  electrolyte  ions  penetrate  into  the  electroactive  material,  as 
shown  schematically  in  Fig.  5i,  and  thus  reduces  the  diffusion 
distance,  which  contributes  to  the  full  utilization  of  the  NiCo2S4. 
Based  on  these  reasons,  the  as-synthesized  NiCo2S4  nanotube  ar¬ 
rays  on  Ni  foam  exhibit  much  higher  capacitive  performance  than 
NiCo204. 

3.3.  Electrochemical  performances  of  the  RGO//NiCo2S4  asymmetric 
supercapacitor  devices 

To  further  demonstrate  the  superior  capacitive  performance  of 
the  high  mass-loaded  NiCo2S4  nanotube  arrays  on  Ni  foam,  an 


asymmetric  supercapacitor  cell  was  assembled  using  the  NiCo2S4 
nanotube  arrays  and  the  reduced  graphene  oxide  (RGO)  as  positive 
and  negative  electrodes  (Fig.  6a).  Fig.  6b  shows  the  CV  curves  of 
NiC02S4  nano  tube  arrays  and  the  RGO  with  a  scan  rate  of  5  mV  s-1 
in  6  M  KOH.  The  specific  capacitance  of  NiCo2S4  and  RGO  calculated 
from  the  CV  curves  in  Fig.  6b  are  14.27  F  cm-2  and  197  F  g-1, 
respectively.  Based  on  the  specific  capacitance  values  and  potential 
windows,  the  mass  of  RGO  is  determined  to  be  43.5  mg  to  balance 
the  charges  stored  in  the  NiCo2S4  electrode  (~1  cm2),  corre¬ 
sponding  to  a  mass  ratio  of  about  7.2:1  between  RGO  and  NiCo2S4. 
Such  a  high  mass  ratio  in  turn  demonstrates  the  ultrahigh  capa¬ 
bility  of  the  NiC02S4  nanotube  arrays  on  Ni  foam.  Fig.  6c  shows  the 
representative  GCD  curves  of  the  asymmetric  supercapacitor  at 
various  current  densities.  The  specific  capacitance  was  calculated 
from  the  as-measured  GCD  curves  and  the  results  are  plotted  in 
Fig.  6d.  Remarkably,  the  asymmetric  supercapacitor  device  achieves 
a  capability  of  4.68  F  cnrr2  at  a  current  density  of  10  mA  cm-2.  After 
15-time  increase  in  the  current  density,  2.46  F  cm-2  of  the  specific 
capacitance  can  be  still  remained,  corresponding  to  52.6%  of  the 
specific  capacitance  retention.  The  Ragone  plot  derived  from  the 
GCD  curves  is  presented  in  Fig.  6e.  The  asymmetric  supercapacitor 
exhibits  a  high  areal  energy  density  of  15.6  Wh  m-2  at  an  areal 
power  density  of  77.5  W  m  2,  to  the  best  of  our  knowledge,  this  is 
the  highest  areal  energy  density  reported  for  various  asymmetric 
supercapacitors.  The  gravimetric  energy  density  and  power  density 
of  our  supercapacitor  device  are  further  provided  in  Fig.  6f  for 
ease  of  comparison  with  various  reported  supercapacitors  with 
low  mass  loading.  The  energy  of  the  asymmetric  supercapacitor 
reaches  31.5  Wh  kg-1  at  a  power  density  of  156.6  W  kg-1,  and  still 
remains  16.6  Wh  kg-1  at  a  power  density  of  2348.5  W  kg-1. 
The  energy  density  of  our  supercapacitor  is  much  higher  than  the 
nickel  cobaltite-graphene//AC  asymmetrical  supercapacitor 
(19.5  Wh  kg-1  at  about  100  W  kg-1)  [38]  at  a  comparable  mass 
loading  and  much  higher  than  various  carbon  based  symmetric 
supercapacitors  in  aqueous  electrolyte  [39-41  ].  The  high  energy 
density  can  be  attributed  to  the  high  specific  capacitance  or 
the  large  cell  voltage.  Meanwhile,  our  supercapacitor  delivers  a 
higher  energy  density  than  various  Ni-Co  compounds  based 
asymmetric  supercapacitors,  including  mesoporous  NiCo204//AC 
(17.72  Wh  kg-1)  [42],  submicron/micron-sized  NiCo204//AC 
(14.7  Wh  kg-1  at  175  W  kg-1)  [43],  porous  Ni-Co  oxide//AC 
(12  Wh  kg-1  at  95.2  W  kg-1)  [44],  NixCoi_x  LDH-ZTO  hetero- 
structure//AC  (23.7  Wh  kg"1  at  284.2  W  kg-1)  [45]  and  NiCo204- 
RGO  composite//AC  (23.3  Wh  kg-1  at  324.9  W  kg-1)  [46]  asym¬ 
metric  supercapacitors,  and  various  other  ternary  compound  based 
asymmetric  supercapacitors,  such  as  amorphous  NiW04//AC 
(25.3  Wh  kg-1  at  200  W  kg”1)  [47],  nano  0-NiMoO4-CoMoO4-xH2O 
composites//AC  (28  Wh  kg-1  at  100  W  kg-1  and  18  Wh  kg-1  at 
1000  W  kg-1)  [48],  and  CoMo04-NiMo04-xH20  bundles//AC 
(24.95  Wh  kg"1  at  164.5  W  kg"1  and  15.54  Wh  kg"1  at 
1645.4  W  kg-1)  [49]  supercapacitors.  All  these  attractive  results 
demonstrate  the  outstanding  supercapacitive  performance  of  the 
NiC02S4  nanotube  arrays-Ni  foam//RGO  asymmetric  supercapacitor 
even  at  an  ultrahigh  total  mass  loading  of  active  materials  as  high  as 
49.5  mg.  Such  a  high  energy  density  is  quite  competent  to  drive  the 
realistic  low  voltage  devices.  The  two  series  connected  asymmetric 
supercapacitor  can  simultaneously  light  3  mm  diameter  yellow 
(1.97  V,  20  mA),  red  (2.03  V,  20  mA),  and  green  (2.20  V,  20  mA) 
round  light-emitting  diodes  (LEDs)  (Fig.  6g).  In  the  long-term 
lighting  test,  the  device  is  able  to  power  a  red  LED  efficiently  for 
2  h  (Fig.  6h).  More  attractively,  the  device  can  drive  a  motor  (3  V, 
80  mA)  rapid  rotation  for  about  1  min  (Fig.  6i  and  Movie  in  Sup¬ 
porting  information).  These  results  are  robust  enough  to  demon¬ 
strate  the  outstanding  performance  of  asymmetric  supercapacitors 
and  the  electroactive  material  in  practical  applications. 
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Fig.  6.  (a)  Schematic  illustration  of  the  asymmetric  supercapacitor  configuration,  (b)  CV  curves  of  the  RGO  and  NiCo2S4  nanotube  arrays  with  a  scan  rate  of  5  mV  s-1  measured  by  a 
three-electrode  configuration,  (c)  GCD  curves  of  the  asymmetric  supercapacitor  measure  at  different  current  densities  from  10  to  150  mA  cm-2,  (d)  Specific  capacitance  as  a  function 
of  the  current  density  of  the  asymmetric  supercapacitor,  (e)  Areal  energy  and  power  density  and  (f)  Ragone  plot  of  our  device.  Two  assembled  asymmetric  supercapacitor  is 
connected  in  series  and  used  to  drive  the  realistic  low  voltage  devices:  (g)  parallel  LEDs  with  different  colours;  (h)  red  LED  at  different  lighting  times;  (i)  a  motor.  (For  interpretation 
of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Supplementary  video  related  to  this  article  can  be  found  online 
at  http://dx.doi.org/10.1016/jjpowsour.2013.12.092. 

4.  Conclusions 

In  summary,  self-standing  NiC02S4  nanotube  arrays  on  Ni  foam 
have  been  synthesized  based  on  the  anion-exchange  reaction.  The 
hybrid  electrode  demonstrates  an  ultrahigh  specific  capacitance  of 


2398  F  g_1  at  a  high  NiCo2S4  mass  loading  of  about  6  mg  cm-2, 
which  is  quite  competent  to  push  the  areal  capacitance  of  the 
electrode  to  a  high  level.  The  outstanding  supercapacitive  perfor¬ 
mance  can  be  attributed  to  the  superior  capability  of  NiC02S4 
electroactive  material  and  the  specific  nanotube  array  structure.  An 
asymmetric  supercapacitor  based  on  the  NiC02S4  nanotube  arrays- 
Ni  foam  hybrid  electrode  in  aqueous  electrolyte  delivers  high 
specific  energy  and  power  densities  even  at  the  total  mass  of  the 
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electroactive  materials  as  high  as  49.5  mg,  which  is  very  capable  of 
driving  various  realistic  low  voltage  device  including  LED  and 
motor.  Our  work  demonstration  of  the  NiC02S4  nanotube  arrays 
structure  a  promising  electroactive  material  for  high-performance 
supercapacitors  even  at  high  mass  loading  for  the  first  time  and 
provides  a  new  and  facile  strategy  to  engineer  advanced  electro¬ 
active  material  with  nanotube  array  structure. 
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